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Abstract

The performance of polymer light emitting diode (PLED) strongly depends on materials,
fabrication and the structure of the device. Polymer light-emitting diodes typically
consists of emitting layer(s) sandwiched between a cathode and an anode. In our study
indium tin oxide (ITO) is used as anode, the polymer blend as emitting layer and metals
such as aluminum, silver as cathodes. Investigation in this area is focused to fully
understand and develop the method of fabrication of PLEDs using the available resources
and to understand the effect of variation of blend ratios of polyfluorene polymers (TFB:
9, 9'-dioctylfluorene-co-N-(4-butylphenyl) diphenylamine and F8BT: poly (9, 9'
dioctylfluorene-co-benzothiadiazole)), different cathodes, addition of buffer layer
(calcium acetylacetonate [Ca (acac)z]) on the built devices.

Keywords: Polymer light emitting diodes, polyfluorenes, buffer layer, phase separation
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Chapter 1 - Introduction
Today the world is pacing fast towards the future breaking the thin wall between the
reality and fiction. Flexible displays, electronic paper, electronic books, displays on t
shirt, JD-hologram projections take us to the future once envisaged in the movies like
Star Trek or Minority Report. This technology today has made pepper's ghost look real.
The polymer light emitting diode (PLED) is one such revolutionary technology which has
made the above seem possible. Due to its spectacular features like low operating voltage,
wider color range, light weight, high brightness, mechanical flexibility and easy to build
device it has an outreaching impact and is quickly catching up with other technologies in
the display world.
The ease of fabrication and reproducibility in all sizes and shapes make it easy to produce
functional devices. Flexibility not bounded by size, material and stiffness of the substrate
in large scale decreases the cost of production.
1.01

History:

Drs. Ching W Tang and Steven Van Slyke of Eastman Kodak developed the first
functioning organic light emitting diode (OLED) in the 1980s. The device had a layered
structure with separate hole-transporting and electron-transporting layers. The light
emission occurred at the interface of the organic layers.
Later, in 1990 Burroughes et al. discovered electroluminescence in poly (p-phenylene
vinylene) (PPV). It emitted green light on positive bias potential application. Polymer
based light-emitting diodes (PLED) were discovered at same time by Friend et al. Since
then the progress in the performance of polymer LEDs has been impressive.
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Figure 1: Performance vs time
Figure 1 shows an impressive trend in the technologies. As the years pass, the organic
LEDs are catching up with the conventional LEDs.
1.02

Displays:

The polymer light emitting diode has a promising future in display technology. Hence it
is very important to have an in-depth knowledge of the display industry for one to
understand the role of PLED technology and its advancements.
The display industry is trying to reduce the cost of production by looking for cheaper
ways to manufacture larger displays. Today's display industry is focused on research
involving:
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•

Production of large flat-panel displays that are cheaper, brighter, sharper, larger,
and draw less power.

•

Making three-dimensional displays for more realistic image.

•

Producing electronic paper that is thin and portable.

•

Emissive display technologies which are promising for portable electronics
applications because the theoretical energy efficiency is higher.

Displays are described by terms like resolution, pixel, aspect ratio and size. Resolution
refers to the number of individual dots of color, known as pixels, contained on a display.
Resolution is expressed by identifying the number of pixels on the horizontal axis (rows)
and the number on the vertical axis (columns), such as 800x600. Resolution is affected by
a number of factors, including the size of the screen.
1.03

Common Display Standards and Resolutions:
Standard
XGA (Extended
Graphics Array)

SXGA (Super
XGA)

UXGA (Ultra
XGA)
QXGA (Quad
XGA)

Resolution Typical use
15- and 17-inch CRT
1024x768

monitors, 15-inch LCD
monitors
15- and 17-inch CRT

1280xl024 monitors, 17-and 19-inch
LCD monitors
19-, 20-, 21-inch CRT
1600x1200 monitors, 20-inch LCD
monitors
2048xl536

.
21-mch and larger CRT
monitors
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WXGA(Wide
XGA)
WSXGA+(Wide
SXGA plus)
WUXGA(Wide
U ltraXGA)

1.04

1280x800

1680x1050

1920x1200

Wide aspect 15.4-inch
laptops, LCD displays
Wide aspect 20-inch LCD
monitors
Wide aspect 22-inch and
larger LCD monitors

Basic display Features and Attributes:

Viewing Angle
Viewing angle is the maximum angle at which a display can be viewed with acceptable
visual performance. When LCD monitor is viewed from an angle; the image looks
dimmer or even disappears. Colors can also be misrepresented. LED screens have better
viewing angle compare to LCD display screens. It is also comfortable as the viewing
angle approaches 90° from normal.
Brightness/Luminance
This is a measurement ofthe amount oflight the display produces. It is given in nits or
candela per square meter(cd/m2). One nit is equal to one cd/m2 . Typical brightness
ratings range from 250 to 350 cd/m2 for monitors that perform general-purpose tasks.
Contrast Ratio
The contrast ratio is a property, defined as the ratio ofthe luminance ofthe brightest
color(white) to that ofthe darkest color (black) that the system is capable ofproducing.
The figure is usually expressed as a ratio, for example, 500: 1. Typically, contrast ratios
range from 450: 1 to 600: 1, and they can be rated as high as 1000: 1.
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Response Rate
The response rate indicates how fast the monitor's pixels can change color. Faster is
better because it reduces the ghosting effect when an image moves, leaving a faint trail in
such applications as videos or games. PLEDs can also have a faster response time than
standard LCD screens. Whereas LCD displays are capable of between 2 and 8 ms
response time offering a frame rate of about 200 Hz, a PLED can theoretically have less
than 0.01 ms response time enabling 100,000 Hz refresh rates [13] [14].
LEP materials:

1.05

Since our focus is on PLED technology for display applications, our prime interest is to
understand the fabrication of efficient PLED. In order to build a device and facilitate
better understanding of the properties and requirements of the polymer light emitting
polymers it is necessary to know what are light emitting polymers are and how they assist
in emission of light.
In 2000, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa were awarded the
Nobel Prize in Chemistry for their work in conductive polymers. Conductive polymers
are organic polymers that conduct electricity. Figure 2 shows the conductivity of these
polymers with respect to metals, semiconductors and insulators. Light-emitting polymers
(LEP) are electroluminescent conductive polymers that emit light when connected to an
external source voltage.
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Figure 2: Range of conductivity of conjugated polymers with respect to other
materials
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Latest advancements in the field of molecular electronics have been the discovery of
electroluminescent conjugated polymers. These fluorescent polymers emit light when
excited by the flow of an electric current. One of the vital characteristics of all conjugated
polymers is their quasi-infinite n system which results in materials with directional
conductivity, strongest along the axis of the chain. Electronically, conducting polymers
are believed to possess a spatially delocalized band-like electronic structure.
Typical polymers used in PLED displays include derivatives of poly (p-phenylene
vinylene) and polyfluorene. Substitution of side chains onto the polymer backbone may
determine the color of emitted light or the stability and solubility of the polymer for
performance and ease of processing [25].
Some of the typical characteristics and requirements of light emitting polymers are as
follows:
Material Requirements for PLED:
•

High luminescence efficiency (PL, EL)

•

Adequate conductivity

•

Good oxidative stability, resistance to water and oxygen

•

Good radical cation/anion stability

•

Good temperature stability (Tg)

•

Coatability (thin, uniform films with no pinhole defects or impurities)
o PLED: Good film formation from solution
No side reactions with solvents

•

Color saturation/purity
o Narrow spectra and correct CIE coordinates

OLED/PLED material characteristics:
•

n-Conjugated organics: The wavelength of light em1ss1on increases with
increasing conjugation length.
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•

Thin films of the organics are polycrystalline or amorphous, with no dangling
bonds: There are no lattice matching requirements between layers in organic
LEDs.

•

The organic materials are often p-type (especially polymers) but some are n-type
(nitrogen-containing heterocycles, cyano pendant groups)

Color tuning OLED/PLED Materials:

•

Polymers: Color tuning is achieved by modifying the polymer backbone with
substituent or copolymerization to change the band structure of the material.

•

Small molecules: Color tuning is typically achieved by doping the organic film
with another small molecule.
o For fluorescent molecules, < 2% by weight.
o For phosphorescent molecules, < 10% by weight
o A voids self-quenching by the emitting material.

Patterning of Electroluminescent Polymers:

•

Relies on masking or hydrophobic/hydrophilic interactions with the substrate or
mask to direct the wetting of the polymer solution on the surface.
o Key challenges: non-aqueous-based delivery of the polymer, control of
polymer solution rheology, control of polymer solution wetting/drying on the
surface, and deposition onto a rigid support (i.e. glass).
o Inkjet delivery is currently the method of choice for fabrication of multi
colored polymer-based displays [11 ].

1.06

Polyfluorenes:

Polyfluorene-based materials have been investigated extensively because of the many
attractive properties they possess. Polyfluorenes (see Fig. 3 for structure) are an important
class of materials. Due to their high chemical stability, flexible chemistry and good
charge transport and luminescence properties they are commonly used in opto-electronics
and have been used to make highly efficient LEDs. This is the only family of conjugated
17

polymers that emit colors spanning the entire visible range with high efficiency and low
operating voltage.
Cambridge Display

Technology

polyfluorene polymers.

reported

efficient

blue-emitting

devices

with

Polyfluorene-based PLEDs provide insufficient blue-color

chromaticity. This is why a full color display of PLEDs shows yellow-tinged color.
Although polyfluorenes show great promise as blue emitting materials in LEDs due to
their solution processibility, high photoluminescence (PL) efficiencies, and ease of
functionalization, many of the polymers developed have suffered from an unwanted
green emission band (535 nm) along with the desired blue emission [2][4][20].

n
Figure 3: General structure of polyfluorenes
1.07

Phase separation:

Interesting morphologies are formed because of phase separation. Factors on which phase
separation and domain size depend are:
Blend and solvent interaction
Blend ratios
Different blend systems
18

Spin speeds
Polymer blending is practiced frequently for the fabrication of LEDs for three reasons:
• First, a light emitting polymer blended with a photonically inert polymer such as
PMMA or polystyrene (PS) often yields a higher PL intensity on photo excitation
due to the dilution effect. Blending with a polymer capable of charge
transportation allows the dilution effect and preserves or even enhances charge
mobility in the system.
•

Secondly, blending of two light emitting polymers with different band gaps often
show a large enhancement in the PL intensity than the individual polymers.

•

Thirdly, polymer blends can be in a phase-separated state unless there exist a
strong intermolecular interaction such as hydrogen bonding or ionic attraction
between the two polymers. The light emitting polymer is, then, isolated as small
domains in the blend bulk if the blend ratio of the light emitting polymer is small.
There may be a good chance for injected electrons from the cathode to be trapped
in the light emitting polymer domains and to meet holes moving through a matrix
that is a hole transporting material. The excitons formed in the domains are
confined away from the electrode surface and decay radiatively to the ground
state. However, the heat generated during the operation of LEDs can stimulate
molecular motions in the polymer blend and this may cause larger-domain
formations or stacking of the chromophores over time leading to excimer
formation. Copolymers with multiple repeating units having different functions
are expected to reduce these undesirable effects in blended systems [1] [8] [15].

1.08

Device structure and working:

During operation, a voltage is applied across the PLED such that the anode is positive
with respect to the cathode. A current of electrons flows through the device from cathode
to anode, as electrons are injected into the lowest occupied molecular orbital (LUMO) of
the organic layer at the cathode and withdrawn from the highest occupied molecular
orbital (HOMO) at the anode. This latter process may also be described as the injection of
19

electron holes into the HOMO. Electrostatic forces bring the electrons and the holes
towards each other and they recombine forming an exciton, a bound state of the electron
and hole. This happens closer to the emissive layer, because in organic semiconductors
holes are generally more mobile than electrons. The decay of this excited state results in a
relaxation of the energy levels of the electron, accompanied by emission of radiation
whose frequency is in the visible region. The frequency of this radiation depends on the
band gap of the material, in this case the difference in energy between the HOMO and
LUMO (see Fig. 4)
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...____.....-______._ - - - - Lli�lO

blDfop

I
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,----- HO�lO

Figure 4: Energy level diagram for the polymer layer of a PLED
1.09

Degradation Mechanism:

It has long been known that PLED degradation can be more problematic. The suggested
PLED-degradation mechanisms are:
i. Inefficient doping caused by phase separation of polymers,
ii. Built-in potential and induced opposing internal field in a device,
iii. Chain migration of poly (styrene sulfonate) (PSS) to the interface of the poly(3,4ethylenedioxythiophene) (PEDOT):PSS charge-injection layer, and current
induced phase segregation resulting in conductivity changes.
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iv. Also, the thermal effect induced by joule heating has been addressed for
brightness inhomogeneity.
For a better understanding of the degradation mechanism, it is necessary to investigate
the chemical and structural information for a given degraded area, since degradation in
most cases causes chemical and structural changes. And, as in the dark spots in small
molecule devices, it is also necessary to investigate degradation microscopically. It has
been demonstrated that scanning photoelectron microscopy (SPEM) is a useful means of
acquiring local chemical-state data for degraded SMOLEDs [3] [28] (see Fig. 5 for
SPEM images of pristine and degraded polymers).

200pm

100�1m

(a) pristine PLED

(b) degraded PLED

20011m

(c) degraded PLED

Figure 5: Scanning photoelectron microscopy (SPEM) images of pristine and
degraded PLED
1.010

Advantages and disadvantages:

Advantages:
The different manufacturing process of OLEDs lends itself to several advantages over
flat-panel displays made with LCD technology.
1. Lower cost in the future: Easier to produce and can be made into large sizes
OLED/PLEDs can be printed onto any suitable substrate by an inkjet printer or
even by screen printing, theoretically making them cheaper to produce than LCD
or plasma displays. However, fabrication of the PLED substrate is more costly

21

than that of a TFT LCD, until mass production methods lower cost through
scalability. Roll-to-roll, vapor-deposition methods for organic devices do allow
mass production of thousands of devices per minute for minimal cost, although
this technique also induces problems in that multi-layer devices can be
challenging to make.
•

Light weight & flexible plastic substrates: PLED displays can be fabricated on

flexible plastic substrates leading to the possibility of flexible organic light
emitting diodes being fabricated or other new applications such as roll-up displays
embedded in fabrics or clothing. As the substrate used can be flexible such as
polyethylene terephthalate, the displays may be produced inexpensively.
•

Wider viewing angles & improved brightness: PLEDs can enable a greater

artificial contrast ratio (both dynamic range and static, measured in purely dark
conditions) and viewing angle compared to LCDs because PLED pixels directly
emit light. PLED pixel colors appear correct and un-shifted, even as the viewing
angle approaches to 90° from normal.
•

Better power efficiency: LCDs filter the light emitted from a backlight, allowing

a small fraction of light through so they cannot show true black, while an inactive
OLED element does not produce light or consume power.
•

Response time: PLEDs can also have a faster response time than standard LCD

screens. Whereas LCD displays are capable of between 2 and 8 ms response time
offering a frame rate of around 200 Hz, an OLED can theoretically have less than
0.01 ms response time enabling I 00,000 Hz refresh rates.
Disadvantages

•

Lifespan: The biggest technical problem for PLEDs is the limited lifetime of the

organic materials.
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•

Color balance issues: Additionally, as the PLED material used to produce blue
light degrades significantly more rapidly than the materials that produce other
colors, blue light output will decrease relative to the other colors of light. This
differential color output change will change the color balance of the display and is
much more noticeable than a decrease in overall luminance.

•

Water damage: Water can damage the organic materials of the displays.
Therefore, improved sealing processes are important for practical manufacturing.
Water damage may especially limit the longevity of more flexible displays.

•

Outdoor performance: As an emissive display technology, PLED/OLEDs rely
completely upon converting electricity to light, unlike most LCDs which are to
some extent reflective; e-ink leads the way in efficiency with - 33% ambient light
reflectivity, enabling the display to be used without any internal light source. The
metallic cathode in an PLED/OLED act as a mirror, with reflectance approaching
80%, leading to poor readability in bright ambient light such as outdoors.

•

Power consumption: While an PLED/OLED will consume around 40% of the
power of an LCD displaying an image which is primarily black, for the majority
of images it will consume 60-80% of the power of an LCD - however it can use
over three times as much power to display an image with a white background
such as a document or website. This can lead to disappointing real-world battery
life in mobile devices. This can be minimized however, by setting the background
to black, and the characters to any actual color.

•

Screen burn-in: Unlike displays with a common light source, the brightness of
each OLED pixel fades depending on the content displayed. The varied lifespan
of the organic dyes can cause a discrepancy between red, green, and blue
intensity. This leads to image persistence, also known as bum-in.

•

UV sensitivity: OLED displays can be damaged by prolonged exposure to UV
light. The most pronounced example of this can be seen with a near UV laser
(such as a Bluray pointer) and can damage the display almost instantly with more
23

than 20 mW leading to dim or dead spots where the beam is focused. This is
usually avoided by installing a UV blocking filter over the panel and this can
easily be seen as a clear plastic layer on the glass. Removal of this filter can lead
to severe damage and an unusable display after only a few months of room light
exposure.
1.011

Applications:

Sony ebook reader

Plastic Log1
10" diagonal SVGA (600 by 800) with
1 OOpp1 resolution

Figure 6: Applications of PLED
Figure 6 shows some innovative applications of PLED. The commercialization of PLEDs
is imminent in the fields of automobile navigation systems, mobile phones, and
backlights for LCDs. Since a PLED is light in weight and self-emissive at a low power,
24

and the fabrication of a wide screen is simple, PLEDs have a chance to be used as a main
display system in our information society in the near future. Following are some of the
latest applications featured by some of best electronic companies:
Samsung:
Samsung's latest AMOLED smart phones use their Super AMOLED trademark, with the
Samsung Wave S8500 and Samsung i9000 Galaxy S being launched in June 2010. In
January 2011 Samsung announced their Super AMOLED Plus displays- which offer
several advances over the older Super AMOLED displays - real stripe matrix (50% more
sub pixels), thinner form factor, brighter image and a 18% reduction in energy
consumption.
Sony:
In January 2011, Sony announced the NGP handheld game console (the successor to the
PSP) will feature a 5-inch OLED screen.
On 17 February 2011, Sony announced its 25" OLED Professional Reference Monitor
aimed at the Cinema and high end Drama Post Production market.
LG:
As of 2010 LG produces one model of OLED television, the 15 inch 15EL9500 and has
announced a 31" OLED 3D television for March 2011.
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Chapter 2 - Device design and Fabrication

2.01

Tools and Techniques used:

2.1.1 Spin-coater:
Spin coating has been used for several decades for the application of thin films. A typical process
involves depositing a small puddle of a fluid onto the center of a substrate and then spinning the
substrate at high speed (typically around 3000 rpm). Centrifugal acceleration will cause the fluid
to spread to, and eventually off, the edge of the substrate leaving a thin film on the surface. Final
film thickness and other properties will depend on the nature of the material (viscosity, dry ing
rate, percent solids, surface tension, etc.) and the parameters chosen for the spin process. Factors
such as final rotational speed, acceleration, and fume exhaust contribute to how the properties of
coated films are defined.
One of the most important factors in spin coating is repeatability. Subtle variations in the
parameters that define the spin process can result in drastic variations in the coated film.

a)

b)
�

c)

• -

-

� OJ

•

d

%t

-:t=

0

d)
�

�

Figure 7: Process of spincoating
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Spin Coating Process Description:
A typical spin process consists of a dispense step in which the fluid is deposited onto the
substrate surface, a high-speed spin step to thin the fluid, and a drying step to eliminate excess
solvents from the resulting film. Figure 7 illustrates the above procedure.
After the dispense step it is common to accelerate to a relatively high speed to thin the fluid to
near its final desired thickness. Typical spin speeds for this step range from 1500-6000 rpm,
again depending on the properties of the fluid as well as the substrate. This step can take from 10
seconds to several minutes. The combination of spin speed and time selected for this step will
generally define the final film thickness. In general, higher spin speeds and longer spin times
create thinner films.
Spin speed is one of the most important factors in spin coating. The speed of the substrate (rpm)
affects the degree of radial (centrifugal) force applied to the liquid resin as well as the velocity
and characteristic turbulence of the air immediately above it. In particular, the high speed spin
step generally defines the final film thickness. Relatively minor variations of ±50 rpm at this
stage can cause a resulting thickness change of I 0%.
Spin Coating Process Troubleshooting:
Film too thin
• Spin speed too high___. Select lower speed.
•

Spin time too long---. Decrease time during high-speed step.

Film too thick

•

Spin speed too low___. Select higher speed.

•

Spin time too short___. Increase time during high speed step

•

Exhaust volume too high---.Adjust exhaust lid or house exhaust damper

Air bubbles on wafer surface
• Air bubbles in dispensed fluid
•

Dispense tip is cut unevenly or has burrs or defects

Comets, streaks or flares
• Fluid velocity (dispense rate) is too high

•

Spin bowl exhaust rate is too high
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•

Material sits on substrate too long prior to spin

•

Spin speed and acceleration setting is too high

•

Particles exist on substrate surface prior to dispense

•

Fluid is not being dispensed at the center of the substrate surface

Swirl pattern

•

Spin bowl exhaust rate is too high

•

Fluid is striking substrate surface off center

•

Spin speed and acceleration setting is too high

•

Spin time too short

Uncoated Areas
•

Insufficient dispense volume

Pinholes
•

Air bubbles

•

Particles in fluid

•

Particles exist on substrate surface prior to dispense

Poor reproducibility

• Variable exhaust or ambient conditions____. Adjust exhaust lid to fully closed
• Substrate not centered properly____. Center substrate before operation
•

Insufficient dispense volume ----.Increase dispense volume

Unstable balance in speed / time parameters----. Increase speed / decrease time or vice versa
Poor film quality
Exhaust volume too high____. Adjust exhaust lid or house exhaust damper
Acceleration too high----.Select lower acceleration
Unstable balance in speed / time parameters____. Increase speed / decrease time or vice versa
Insufficient dispense volume ____. Increase dispense volume

2.02

Vacuum Evaporator:

The vacuum thermal evaporation (VTE) deposition technique (see Fig. 8 for setup) consists of
heating until evaporation of the material to be deposited. The material vapor finally condenses as
a thin film on the cold substrate surface and on the vacuum chamber walls. Usually low
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pressures are used, about 10-6 or 10·5 Torr, to avoid reaction between the vapor and atmosphere.
At these low pressures, the mean free path of vapor atoms is the same order as the vacuum
chamber dimensions, so these particles travel in straight lines from the evaporation source
towards the substrate. Materials deposited by VTE are most commonly patterned using shadow
masking. Shadow masking allows for patterning of a material by preventing deposition in the
areas where it is not desired. Typically, a thin metal foil with a pattern of through apertures
across its surface is used as a shadow mask.
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Figure 8: Vacuum coater
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2.03

Profilometer:

Profilometer is a metrology instrument used to measure a surface's profile, in order to quantify
its roughness. It measures the vertical depth of a material across a specified horizontal length.
•

The profile is displayed on a printable graphical interface. Uses for this equipment include
measuring etch depth, deposited film thickness, and surface roughness. Contact profilometers use
a diamond stylus that touches the surface to be profiled. The radius of the stylus ranges from 20
run to 25 µm, and the stylus tracking force is less than 50 mg. As the stylus moves against a
surface, its displacement is converted into a digital signal that is stored, analyzed, and displayed
by the profilometer.
2.04

•

Structural design and working:

Polymer light emitting devices operate on a principle known as electroluminescence. Electrically
injected carriers recombine to generate light. The structure can be seen in the figure below (see
Fig. 9). There are three main processes governing the PLED performance:
1. charge injection;
2. charge transport;
3. charge /exciton recombination.
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Figure 9: PLED structure and working
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Figure 10 shows that, when an electrical potential difference applied between the anode and the
cathode such that the anode is at a more positive electrical potential with respect to the cathode,
injection of holes occurs from the anode into the hole-transport layer (HTL), while electrons are
injected from the cathode into the electron-transport layer (ETL).
Two layer EL dcvic
Recombination region

l

'

-

�

I

HTL

Cathod

ETL

An
�

'Ii'

Figure 10: Schematic of recombination processes
The injected holes and electrons each migrate toward the oppositely charged electrode, and the
recombination of electrons and holes occurs near the junction in the luminescent ETL. Upon
recombination, energy is released as light, which is emitted from the light-transmissive anode
and substrate.
The structure can be modified further by adding luminescent layer to improve the earner
transport property and to increase the overall electroluminescence of the device [ 4, 12, and 13]
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Chapter 3 - Characterization of PLEDs:
Electrical characteristics are measured using digital voltmeter while absorption,
excitation and luminance spectra/characteristics are measured using spectrophotometer or
radiometer.

3.01

CIE chromaticity diagram:

The CIE system (see Fig. 11) characterizes colors by a luminance parameter Y and two
color coordinates x and y which specify the point on the chromaticity diagram. This
system offers more precision in color measurement.
Based on the fact that the human eye has three different types of color sensitive cones,
the response of the eye is best described in terms of three "tristimulus values". However,
once this is accomplished, it is found that any color can be expressed in terms of the two
color coordinates x and y.
The colors which can be matched by combining a given set of three primary colors (such
as the blue, green, and red of a color television screen) are represented on the
chromaticity diagram by a triangle joining the coordinates for the three colors.
Due to the nature of the distribution of cones in the eye, the tristimulus values depend on
the observer's field of view. To eliminate this variable, the CIE defined the standard
(colorimetric) observer. Originally this was taken to be the chromatic response of the
average human viewing through a 2 ° angle, due to the belief that the color-sensitive
cones resided within a 2 ° arc of the fovea. Thus the CIE 1931 Standard Observer is also
known as the CIE 1931 2 ° Standard Observer. A more modem but less-used alternative is
the CIE 1964 10° Standard Observer.
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Figure 11: CIE Chromaticity Diagram
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Opto-Electrical characterization:

3.02

The opto-electrical properties of PLEDs are summarized in the following table:
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n - Research Work
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Chapter 4 - Goals and Experimental work:
4.01

Challenges:

Reducing Charge Injection Barriers
•

Small difference in work function of anode and HOMO; cathode and LUMO.

•

Increasing work function of anode, using low work function cathode.

•

Using transport material with LUMO and HOMO level close to work function of
respective electrodes.

•

Inserting buffer layers.

Uniformity of Layers
Non-uniformities may lead to localized surges of electric current, localized overheating
and gradual destruction of the device.
4.02

Goals:

Goal 1: Develop procedures for reproducibly fabricating PLEDs.
Polymer light emitting diodes are fabricated and tested for I-V and luminance
characteristics. The key goal is to develop a procedure for reproducibly fabricating and
characterizing PLEDs.
Desired Result:
Reproducible PLEDs with moderate luminance and efficiency
Theory:
To test the potential of our lab in reproducibly fabricating polymer light-emitting diodes
(PLEDs), it was required to first try and fabricate the devices that were already in the
literature. Hence an already existing procedure was followed. PLEDs using small
molecules as semiconductors often utilize a bilayer structure fabricated through
successive steps. This structure is relatively more difficult to achieve in solution-based
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PLED fabrication processes, as polymers are soluble in many common organic solvents,
such asp-xylene, toluene, and chlorobenzene. Instead, two-component polymer blends,
one of which is a good electron-transporter and the other is a good hole-transporter, have
been developed to produce efficient LEDs.[6-1O] The blend of poly(9,9'-dioctylfluorene
ca-N-(4-butylphenyl)diphenylamine)

(TFB)

with

poly(9,9'-dioctylfluorene-ca

benzothiadiazole) (F8BT) is a good example.[10-13] See Fig. 12 for polymer structure.
It has been reported for LEDs using this blend as active material that the light emission
has a very low threshold voltage (< 2 V) and the efficiency peaks above 18 lmW- 1 at ca.
2.2 V, though it decreases at higher operating voltages.[12] In blend devices, phase
separation between the polymers is of great importance.[12-14] A thin film of
TFB:F8BT blend spin-coated from a p-xylene solution usually has a lateral phase
separation of a few micrometers.

[·�,�
O·
H11

8RT

Ctdl11

6

O;�N '�
TF:

4H9

Figure 12: Structures of F8BT and TFB polymers
General Procedure:
Method for cleaning the substrate: Cleaning the ITO coated substrate reduces the
injection barriers at the anode and clears any grease or grime over the substrate. The
cleaning of the substrate is done in ethanolamine at 70-80°C temperature. The substrate is
then sonicated in distilled water for 10 mins. To further enhance the property, it is oxygen
plasma treated for approximately 20 min at medium RF power.
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Procedure to prepare polymer solutions in p-xylene:

I. Stock solutions of the two polymers are prepared and stored in vials. For each polymer
75 mg polymer/5 ml p-xylene ratio was used [7].
2. Following blends are made in new vials from the above stock solutions and each blend
was coated at 0.5 ml on spin coater using program K.
a. l :500

PFB: F8BT

2 microL: 1 ml

b. 1:100

PFB: F8BT

10 microL: 1 ml

C. ] :20

PFB: F8BT

50 microL: 1 ml

d. 1: l

PFB: F8BT

1 ml

: 1 ml

The 1:1 ratio was considered after a uniform coating thickness of 75-85 nm was
measured on profilometer. The other blend rations did not give uniform thickness
coatings.
)

Materials Used: PLEDs were based on Aluminum (Al) as cathode, poly (3,4

ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT: PSS) as anode buffer layer,
and indium tin oxide (ITO) as anode. Polyfluorene polymers (TFB: 9, 9'-dioctylfluorene
co-N-(4-butylphenyl) diphenylamine and F8BT: poly (9, 9'-dioctylfluorene-co
benzothiadiazole) were used as emissive layer, and calcium acetylacetonate [Ca (acac) 2 ]
as buffer layer. The following materials were purchased from:
Al: Kurt J .Lesker Company
PEDOT:PSS: Sigma Aldrich
TFB: H.W.Sands corp
F8BT: ADS ( American Dye Source,Inc)
Ca(acac)2: Alfa Aesar.
The mentioned initial percent purity: Al pellets (99.99%) and PEDOT: PSS (1.3 weight
% dispersion in H2 0).
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Formalize the procedure for using vacuum coater and spin coater for different
materials: Al is deposited using vacuum coater at 10·6 Torr pressure while the hole
injection layer poly (3, 4-ethylenedioxythiophene) poly (styrene sulfonate) (PEDOT:
PSS) is spin coated. Refer to both the procedures mentioned in earlier chapter.
Masking of the substrate: The mask is made from the aluminum foil. A square piece of
4x4 cm is cut out. The substrate is placed (ITO side down) at the centre of the cut foil.
The foil is then folded to cover the substrate. A rectangle of 0. 7x 0.4 cm is cut out of the
foil facing the ITO side as shown in Fig. 13.

Cut foil
portion

Figure 13: Aluminum mask for evaporation
Parameter settings: For coater to produce uniform layers of required thickness at
preferred deposition rates, the metal is deposited at lower rate (0.5-0.8 A/s). The
thickness (60 nm) of the layers is monitored using quartz oscillating thickness monitor.
The uniformity and thickness of the layers is tested using profilometer.
Oxygen Plasma Treatment: Plasma cleaning is suitable for removing very thin films,
especially hydro-carbonates and oxides, which remain after conventional cleaning. In this
treatment oxygen radicals remove contaminants by oxidation and reduction. Hence, after
the chemical cleaning procedure, to further enhance the surface properties of ITO,
oxygen plasma treatment was carried out. In this study, effect of oxygen plasma
treatment on the performance of the device has been investigated [9].
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Steps involved in fabrication of PLED:
1. ITO coated glass with sheet resistance 30 ohm/sq and thickness 150 run is cut into
three 2.54 X 2.54 cm2 pieces [18].
2. Each piece is scored with a diamond cutter to create an insulating groove. Spray
air to remove the glass particles and dust from the substrate surface and check the
notch.
3. Check for the voltage across the notch. The infinite reading shows a good notch.
4. Put pieces of substrate in a beaker with ethanolamine.
5. Put the beaker on a stirrer. Adjust the speed of the stirrer and heat to 165°C. Let
the runtime be 15 mins after temperature reaches 165°C.
6. Transfer the glass substrates to another beaker containing DI water. Rinse and stir
them for 5 min on stirrer at 200 RPM.
7. Bake the substrates in oven for 15 min at 80°C to allow the water to evaporate.
8. Prepare masks as mentioned earlier.
9. The substrates are then oxygen plasma treated for 20 mins at 18 watts RF to
remove any residual contaminants and to allow further enhancement of ITO
surface properties.
10. Spin coat the PEDOT:PSS and polymer solutions and allow them to dry. A 60 run
layer of PEDOT:PSS is spin coated on the substrate. The polymer blend of 80 run
thickness is then coated over the PEDOT: PSS layer surface, followed by
deposition of cathode with VTE.
11. Mask the substrate and mount them in the vacuum chamber for vacuum
evaporation. Cathode is deposited at the rate of 0.5-0.8 A/s. The pressure during

the deposition process is on the order of I o-6 Torr. The thickness of each layer is
measured by profilometer and quartz oscillating thickness monitor to about 60
run.
12. The devices are now ready to be tested.
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4.03

Device design and architecture:

Area:
ITO con

PEOOT:PSS/llO

Insulating Groov
Figure 14: Device Architecture
We have been successful in getting reproducible and working PLEDs based on the
architecture and the experimental procedure given above.

Uniformity of the layer,

cleaning of the substrate and use of charge injection layers are critical in getting
reproducible devices. The results show that the electron and hole-injection, carrier
balance, and recombination efficiency of the devices are very important in reducing the
drive voltage and getting an efficient device. Insertion of charge injection layers lower
the LUMO and HOMO levels. (See Fig. 14 for the device architecture)
Characterization: Current-voltage measurements were performed using a Keithley 2400
sourcemeter and luminance characteristics, including electroluminescence spectra, were
measured using an Ocean Optics USB2000 Spectrometer. L-1-V (luminance-current
voltage) measurements were recorded simultaneously. All measurements were done in
ambient air at room temperature without any encapsulation [13].

4.04

Results and discussion:

The following data was obtained:
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•

Characteristics of the best device obtained so far:

Area( cm/\2):

1.1946

Lumen:

7.09E*10-3

Lux:

5.77E-2

Candela:

6.74E-3

Wavelength:

537.90

Tum on Voltage:

5.5 V

IV characteristics
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Figure 15: IV characteristics
Figure 15 shows the IV characteristics of three devices built. All the devices were
reproducible as they had turn on voltage around SY.Wavelength around 537.90nm which
is somewhere between blue and green emission. In the above graph the three devices had
similar trends upto the turn on voltage but differ later in shape. This could be due to
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various factors: moisture, dust (as devices were not prepared in dust and moisture
controlled environment), time taken for making devices (as devices were made in two
different labs).
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Figure 16: Current density (mA/cm2) Vs Voltage (V) for four devices fabricated as
described in the text
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Figure 17: The 1-V characteristics comparison between blend devices prepared by
spin coating (grey circles) and IJP at 40°C (black circles), PEDOT: PSS as anode
and Cu as cathode [1]
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Since the work done was different from the literature, there was only one closest result
found with the same system (wih different cathode and solvent). Figure 17 shows the
results from literature and Fig. 16 are our results. The two results are not comparable
because of different cathode and the solvent.It can be seen from the graph that our
devices had lower current densities at 6V. Figure no. 18 shows the wavelength of the
light produced by the devices in the lab.

z

537.90

0

___
_JI'!"

Figure 18: Wavelenght of light produced by the devices made in our lab

Goal 2: Effect of different cathodes (performance study)
Initially the goal was to use Mg, Ag, Al and Ca as cathodes. But due to time constraints
and availability of material we used only Ag and Al as cathodes.
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Theory:
The efficiency of organic light-emitting devices is significantly influenced by the
performance of the electron-injecting contact. By lowering the energetic barrier between
the metal contact and the lowest unoccupied molecular orbital (LUMO) of the adjacent
organic electron transport layer should facilitate the injection of negative charge carriers
and thus improve the electroluminescence yield by increasing the electron density in the
emitting zone. Mg, Ag, Al, Ca cover a range from 2.87 eV up to 4.26 eV work function.
These results are of practical importance with respect to the choice of cathode metals for
organic electroluminescent display applications.
General Procedure:
The devices were fabricated by following the procedure used in goal 1 except for the
cathode evaporation step. Ag was used as cathode and was evaporated onto the emissive
polymer blend layer.
Results and discussion:
As all the devices shorted while testing, this goal wasn't advanced further. The devices
could have likely failed due to moisture or equipment failure.
Goal 3: Effect of composition variation (blend ratio) on EL/PL of PLED (study
morphology, phase separation using TEM and fluorescence microscopy).
Theory:
Morphological examination in the past yielded a lateral phase separation of the order of a
few microns using spin-coated film of TFB: F8BT blend from the common solution of p
xylene as solvent. This has been easily observed by selective absorption using fluorescent
microscopy, whereby under blue excitation the regions that emit a yellowish-green light
correspond to F8BT phase, and the areas remaining dark correspond to the TFB phase.
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The detailed studies on the phase separation in polyfluorene-based electroluminescent
polymer blends consisting of F8BT and TFB proposed a model for the development of
the thin-film phase-separated structures of F8BT: TFB blends. F8BT: TFB LEDs were
characterized with/without an additional hole-injection/transporting layer such as a poly
(styrenesulfonate) - doped poly (3, 4-ethylenedioxythiophene) (PEDT: PSS) to examine
the self-organized vertical phase-separation structure in these blend thin films [ 1] [ 1O]
(see Fig. 19).

Figure 19: Fluorescence microscopy image of a ca. 85 nm TFB: F8BT blend film [1 ].
Such a morphological examination will give us insight about the morphology of our
devices and would help in further improving them [5][6][7].

General Procedure:
1. Stock solutions of the two polymers were prepared and stored in vials. For each
polymer 75 mg polymer/5 ml p-xylene ratio was used.
2. Following blends were made in new vials from the above stock solutions and each
blend was coated at 0.5 ml on spin coater
a. 1:500

PFB: F8BT

2 microL: 1 ml

b. 1: 100

PFB: F8BT

10 microL: 1 ml

I :20

PFB: F8BT

50 microL: 1 ml

C.

d. 1: 1

PFB: F8BT

1 ml

: 1 ml

From the above compositions, the 1: 1 composition was at first spin-coated on the thin
flexible Al coated substrate which was then embedded in an inert epoxy resin and
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allowed to air dry overnight in a mold. The resin block was removed from its mold and
trimmed with a glass knife so that the sample layer occupied most of a 1 mm2 surface.
The trimmed block was placed in the holder of a Riechert-Jung Ultracut E
ultramicrotome and sections of nominal thickness of 50 nm were produced with a
diamond knife. The sections were transferred to a lacey-carbon coated copper TEM grid
and examined in a JEOL 100 CX transmission electron microscope [17].
Result and discussion:
Since the sizes of the layers were in nanometers, we decided to go for TEM rather than
fluorescence microscopy as mentioned in the literature. As per the TEM results,there was
insufficient contrast between the spin-coated layer and the flexible support to distinguish
the two in the electron beam. Therefore the vertical segregation between the layers and
the layer thicknesses could not be identified. Since 1: 1 composition did not give any
tangible results, the other lower compositions were not tested. A possible problem in this
approach is dissolution of the polymer layer by the epoxy resin/hardner.
The optical microscope to see horizontal segregation of layers also did not yield any
tangible results as there was not contrast to differentiate between the layers. A procedure
similar to the above literature for fluorescence microscopy should be developed as the
future work.
Goal 4: Effect of buffer layer on devices with same cathode material.
Theory:
Introduction of a nanoscale interfacial layer made of calcium (2) acetylacetonate [Ca
(acac)

2 ],

between cathode and the polymer layer enhances the injection of electrons,

provides a buffer layer, and behaves as a hole-blocking layer.
In past, work has been done to compare devices using Ca/Al and [Ca (acac) 2] as
cathodes. It has been demonstrated that a very high efficiency green PLED can be
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obtained by using a nanoscale interfacial layer to modify the cathode interface (Fig. 20
and Fig. 21).
It was demonstrated that a very high efficiency green PLED by using a nanoscale
interfacial layer to modify the cathode interface was possible. The Ca(acac)2 layer is
solution processible and, when over-coated with a layer of Al, they form an ideal cathode
for the green polyfluorene PLEDs. This layer plays multifunctional roles for the PLEDs:
a) it reduced the electron injection barrier height,
b) it prevents the quench of luminescence near the cathode, and
c) it behaves as a hole-blocking layer that subsequently might have helped the injection
of electrons by Coulomb attraction force.
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Figure 20: The luminescence efficiency versus current curves [6]
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Figure 21: The I -V curves (a) and the L -V curves (b) (The graphs just shows how
addition of a buffer layer improved the characteristics of the devices) [ 6]
General Procedure:
The whole procedure of fabricating devices was similar to the goal 1 except for the buffer
layer which was introduced between the emissive polymer and the Al cathode. The
organic solution buffer layer was spin coated on the polymer layer. The thickness of the
buffer layer was measured with a profilometer and was noted as 33nm. (See Fig. 22 for
chemical structure of Ca (acac)2 and device structure).
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Figure 22: The chemical structure and the device structure of Ca (acac) i
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Method for preparing buffer solution:
The buffer layer solution was prepared in methoxy propanol solvent. Since the buffer
layer is spin coated on the polymer layer the solvent choice had to be different from the
p-xylene solvent used for polymer layer. This was to done to avoid the mixing of the two
layers. 2% of Ca (acac )2 solution was prepared in 10 gms of methoxy propanol solution.
This solution was stirred at 360 rpm and heated to about 30°C for 15 mins to ensure
uniform mixing. The murky solution thus obtained was then filtered to avoid bigger
particulates which may cause shorting in device.
Results and discussion:
The devices obtained were short lived to characterize. Most of them shorted. The shorting
of the device could be most likely due to the particulate size of the buffer solution. In
future, devising a better filtering technique and knowing the particulate size of the
solution could be valuable. Also the filtered solution could be of even lower
concentrations and layer might not have affected at all in the functioning of the device.
There was no way to measure the thicknesses of the layers after they were coated on the
polymer layer. In future, making buffer solution of higher concentrations and developing
a method to measure the thicknesses of the layer after spin coating could serve the
purpose.
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Chapter 5 - Summary and Future work:
We were successfully able to reproducibly fabricate PLED devices with similar
characteristics using the tools and facilities of our lab (see Fig. 23 which shows a working
device fabricated in our lab). Since there was not much literature available the basic goal
of this thesis was to establish a basic system to work with and which could be
reproducible. This was covered in goal 1. The future work regarding each goal is briefed
as follows:
Goal 2: Other cathodes can be tried such as Mg, Ca and compare their curve with Al.
Goal 3: The morphology of the blend system can be studied with fluorescence
microscopy as per the literature. Further, the varying effects of the blends composition on
the devices can be studied.
Goal 4: A procedure to fabricate devices reproducibly using buffer layer can be devised.
Additionally, different composition of buffer solution can be tried to see what effect that
has on the devices. Effect of different solvents on different systems can also be studied.
On the basis of these four goals were able to learn the fundamental working principle of
PLEDs. We started the research work from scratch and by the end of this research, we are
much more confident about the Lab's capability for fabricating these electroluminescent
devices.
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Figure 23: Photo of working PLED fabricated in our lab
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Chapter 6 - Appendix:
Electroluminescence
Electroluminescence (EL) is an optical phenomenon and electrical phenomenon in
which a material emits light in response to the passage of an electric current or to a strong
electric field. This is distinct from black body light emission resulting from heat
(incandescence),

from

a

chemical

reaction

(chemiluminescence),

sound

(sonoluminescence), or other mechanical action (mechanoluminescence).
There are two main ways of producing light: incandescence and luminescence. In
incandescence, electric current is passed through a conductor (filament) whose resistance
to the passage of current produces heat. The greater the heat of the filament, the more
light it produces.
EL devices include light emitting diodes, which are discrete devices that produce light
when a current is applied to a doped p-n junction of a semiconductor. EL is also used in
lamps and backlights. There are four steps necessary to produce electroluminescence in
ELDs:
1. Electrons tunnel from electronic states at the insulator/phosphor interface;
2. Electrons are accelerated to ballistic energies by high fields in the phosphor;
3. The energetic electrons impact-ionize the luminescent center or create electron-hole
pairs that lead to the activation of the luminescent center; and
4. The luminescent center relaxes toward the ground state and emits a photon.
Molecular Orbitals: HOMO and LUMO
Orbital states can be described with several terms:
•

Filled - An orbital that contains the maximum number of electrons it can hold.

•

Empty - An orbital that contains no electrons.

•

Occupied - An orbital that contains at least one electron.

•

Unoccupied - An orbital that contains at least one open space for an electron.
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JL Filled/Occupied
_1 Occupied/Unoccupied
_ Unoccupied/Empty
It can seen that a filled orbital is also occupied, but an occupied orbital is not necessarily
filled. Also, an orbital can be both occupied and unoccupied. Occupied means that one
space is occupied by an electron, and unoccupied means at least one space is free to
accept an electron. Thus, it is better to think of filled and empty in terms of the entire
orbital, but of occupied and unoccupied in terms of the spaces for electrons.
So, the best way to remember the terms would be as follows:
•

Filled - An orbital that is filled with the maximum number of electrons it can
hold.

•

Empty - An orbital that is � of electrons.

•

Occupied - An orbital that has at least one space occupied by one electron.

•

Unoccupied - An orbital that has at least one unoccupied space for an electron.

Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular
Orbital (LUMO), can be understood by these definitions from the above. These orbitals
are called the frontier orbitals, and are determined by the way the molecule interacts with
other species. The HOMO is the orbital that could act as an electron donor, since it is the
outermost (highest energy) orbital containing electrons. The LUMO is the orbital that
could act as the electron acceptor, since it is the innermost (lowest energy) orbital that has
room to accept electrons. In accordance with the above definitions, a single orbital may
be both the LUMO and the HOMO.
Measurement Units
Photometric Quantities:
Use of the human eye as a detector lead to photometric units, weighted by the eye's
response characteristic. While radiometry covers all spectral regions from ultraviolet to
infrared, photometry deals with only the spectral region from 360 nm to 830 nm (the
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visible region) where human eyes are sensitive. Photometry is essential for evaluation of
light sources and objects used for lighting, signaling, displays, and other applications
where light is seen by the human eye.
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Figure 24: Response of human eye to brightness
Luminous Intensity:
It is a measure of the wavelength-weighted power emitted by a light source in a particular
direction per unit solid angle, based on the luminosity function, a standardized model of
the sensitivity of the human eye. The SI unit of luminous intensity is the candela ( cd), an
SI base unit.
Luminance:
It is a photometric measure of the luminous intensity per unit area of light travelling in a
t

given direction. It describes the amount of light that passes through or is emitted from a
particular area, and falls within a given solid angle. The SI unit for luminance is candela
per square metre (cd/m2). A non-SI term for the same unit is the "nit". The CGS unit of
luminance is the stilb, which is equal to one candela per square centimetre or 10 kcd/m2 .
Device Efficiency
Fluorescent emission of singlet excitons is the main mechanism of OLED light emission.
As the probability of forming spin singlet states and spin triplet states are 25% and 75%
respectively, the ideal maximum fluorescent yield is, therefore, limited to 25% by spin
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statistics. To overcome this theoretical limit M. A. Baldo et al. fabricated and
demonstrated phosphorescent OLEDs, by doping phosphorescent molecules, where the
EL is due to triplet emission, into a fluorescent host layer.
Luminous Efficiency (cd/A)
Converting external quantum efficiency requires taking into account response of human
eye to light of various wavelength. Luminous efficiency can be obtained by taking the
ratio of luminance (cd/m2) to current density (mA/cm2).
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